Hypercholesterolaemia is thought to foster atherosclerosis and impotence through its effects on vascular endothelium. In this study, we investigated the pharmacological changes in rabbit corpus cavernosum (CC) secondary to incubation with lysolecithin and hypercholesterolaemia. A daily egg yolk dietary supplement induced gross hypercholesterolaemia in our rabbits. Group A of test animals (n-12) was fed with the yolk content of single egg and group B (n-6), that from two eggs for eight weeks. Serum level estimation revealed a progressive elevation of cholesterol to 15 and 30 times respectively, in the two treated groups as compared to values in the control group (n-6). Early histological manifestations of atherosclerosis were perceived as fat cell lesions in the cavernosum of treated animals. In vitro pharmacological studies on CC strips from both groups of test animals demonstrated a profound accentuation of the contractile responses to noradrenaline and histamine and attenuation of relaxant response to acetylcholine. However, in contrast to single-egg treated group, which demonstrated a reduction in the relaxant response to electrical ®eld stimulation (EFS), there was a marked and statistically signi®cant potentiation of this nitrergic transmission, in the two-eggs group. Prior incubation of CC strips of normolipidaemic rabbits (n-7) with lysolecithin, reproduced similar exaggerated response to EFS. Therefore, from the results of our study, it is concluded that oxidised LDL or its major amphiphile lysolecithin, at some critical level or beyond, may be capable of reverting at least some of the adverse effects of hypercholesterolaemia on erectile function, through its mediating effect on nitrergic transmission.
Introduction
The pathophysiological mechanisms involved in the development of atherosclerosis associated with increased plasma levels of lipoproteins have been extensively studied and the consensus of evidence demonstrates clinical bene®ts from lowering of dietary lipids. 1 The accumulated information has provided major insights into the role of cholesterol and lipoproteins in atherosclerosis. Oxidative modi®cation of low density lipoproteins (LDL) is required for its uptake by macrophages and further conversion to foam cells. 2 Modi®cation of LDL was indeed, observed to occur in vitro following its incubation with endothelial cells, smooth muscle cells and metal ions. 3, 4 This transformation includes marked increase in electrophoretic mobility, enzymatic conversion of lecithin to lysolecithin, breakdown of apoprotein B and liberation of peroxides. 5 Furthermore, the lysolecithin that is formed in the process has been demonstrated to draw mononuclear leukocytes 6 and is believed to be the essential component of oxidised LDL, responsible for its inhibitory effects on endothelium-dependent vasodilation. 6 Therefore, these functional alterations resulting in endothelial impairment occur much prior to gross atherosclerotic lesions.
The mechanism by which an abnormal lipid pro®le impairs penile erection has been the subject of considerable attention. It is evident from a review of available literature that the cholesterol subtraction implicated in vasculogenic impotence is oxidised LDL. There is mounting evidence to suggest that hyperlipoproteinemia can compromise endotheliumdependent dilation and have a direct action on smooth muscle function. 4, 8 These changes are shown to be obligatorily linked to free radical mediated peroxidation of LDL and an extensive hydrolysis of LDL lecithin to lysolecithin, a reaction catalysed by phopholipase A2. 5 It is well-established that sustained hypercholesterolaemia increases the incidence and severity of erectile dysfunction and an appropriate dietary modi®cation brings on a reversal. 9 The early manifestation of endothelial dysfunction in the atherosclerotic process is selective unresponsiveness to endothelium-mediated vasodilators. Although the physiological signi®cance of endothelium-dependent relaxation in maintaining penile tumescence remains to be delineated, 10 its impairment in hypercholesterolaemia is presumed to be potentially important in the pathogenesis of erectile dysfunction. However, based on the hypothesis by Ignarro et al, 11 it is deduced that the neural nitric oxide circumventing endothelial dysfunction, may play a major and de®nitive role in penile erection. Pursuing this observation, our study evaluates the alterations of corpus cavernosal reactivity to a variety of stimuli, compares them with the direct effects of lysolecithin and provides an objective index of the erectile functional changes in gross and severe hypercholesterolaemia.
Methods
Thirty-one healthy adult New Zealand White male rabbits were included in this study. At the initiation of this experiment, all the animals weighed between 2.5 and 3.5 kg and were 6 ± 7 months old. They were randomly assigned to two control groups (n ± 6 and n ± 7) and two test groups. A daily egg yolk dietary supplement induced gross hypercholesterolaemia in both the test groups at the end of eight weeks. 12 The ®rst test group (A) (n ± 12) consumed the yolk content of single egg (5 gakg body weight) and the second test group (B) (n ± 6) that from two eggs (10 gakg body weight). This was in addition to the normal diet which all the four experimental groups consumed.
Serum lipids and lipoproteins
Blood samples for lipid estimation were collected from the central ear artery every two weeks. They were stored at room temperature for 2h after collection and then centrifuged at 3000 rpm and 15 C for 15 mins. The separated serum was restored at 7 70 C for analysis. Serum cholesterol, low density lipoprotein cholesterol (LDL-C), high density lipoprotein cholesterol (HDL-C) and triglycerides were determined using diagnostic kits procured from Boehringer and Mannheim. 12 At the end of eight weeks, the animals were sacri®ced with an inhalational overdose of carbon dioxide and the penile tissue removed for histological and pharmacological studies.
Histology
The corpus cavernosal (CC) samples from rabbits of different experimental groups were pre®xed in Bouin's and 3% gluteraldehyde solutions respectively for studies under light and electron microscopes. Masson's trichrome staining brought out greater clarity in the specimen viewed under light microscopy due to differentiation of cytoplasm and muscle ®bres from collagen and reticular ®bres of the connective tissue. The araldite sections were examined under transmission electron microscopy (JOEL 1200Ex) at a voltage of 60 kv. The morphology of the tissue sections were photographed using Kodak electron microscope 4489 sheet ®lms.
Pharmacological studies
Isometric tension studies were conducted on CC strips dissected out from the tunica albuginea and suspended in warm Tyrode in 25 ml organ baths, aerated with 95% oxygen and 5% carbon dioxide mixture. The contractile function was examined by cumulative concentration-response determinations to noradrenaline (NA) and histamine. Relaxation was assessed through responses to acetylcholine (ACh) (endothelium-dependent) and nitroglycerin (NTG) (endothelium-independent) in increasing concentrations after a stable precontraction with the EC50 of NA. In case of the electrical ®eld stimulation, the nitrergic relaxation to frequencies 2, 5, 10, 20 and 40 hz with 90 v square waves for 1ms duration and 10 s exposure were recorded after atropine-guanethidine preincubation. The CC strips from one control group (n ± 7) were incubated in lysolecithin (Sigma Chemical Co.) (4 mgaml) for 60 min before the responses to the said parameters and the results compared with those obtained from normal controls and treated test animals.
Statistical analysis
The values are expressed as mean AE s.e.m. Anova for repeated measures was used to compare the response to drug concentrations in the different experimental groups. t ± test for independent samples determined the signi®cant differences between the two control and treated groups. A value of P`0.05 was considered to indicate statistical signi®cance.
Results
The blood levels of cholesterol in the control and two treated groups were 1.20 AE 0.09, 17.90 AE 2.17 (one egg) and 35.92 AE 1.38 mmolal (two eggs). As for the serum LDL-C levels, there was a 20 fold increase from baseline value after single egg treatment (LDL-C) enhances pro-erectile neurotransmission in (CC) B Srilatha et al (10.16 AE 1.40 mmolal) and a dramatic 85 fold rise after two egg treatment (33.23 AE 1.68 mmolal). There were however, only minor alterations in HDL-C and triglyceride levels at the end of eight weeks (Table  1) . Under light microscopy, there was scattered fatty change in the cavernosum from single egg treated rabbits. The affected areas comprised large oval or polygonal vacuolated cells. These lesions were sporadic, seen in one or two ®elds and were in the inter-sinusoidal spaces of the cavernosum. The rest of the CC showed normal morphology. In case of two egg treatment, the fat cells were much more extensively congregated and seen in a number of ®elds. The collagenous ®bres were densely packed with an apparent reduction in smooth muscle cells which were seen to occur in small bundles in different areas. In both the groups, the vasculature was normal and there was no evidence of ®brosis, calci®cation or necrosis (Light micrographs 1 ± 3). On the other hand, electron microscopy failed to demonstrate de®nitive changes of endothelial integrity and atherosclerosis such as oedema, disruption and increased number of intracellular Serum levels in control and two groups of yolk-fed rabbits (A: n-12 and B: n-6) in mmolal at eight weeks. Analysis of variance (ANOVA) gives the statistical difference in the two treated groups in comparison with the control animals (n 6). (LDL-C) enhances pro-erectile neurotransmission in (CC) B Srilatha et al organelles in the two treatment groups when compared to the control (not shown). The concentration-response curves to the neurotransmitter NA (0.24 mM ± 1052 mM) and the autacoid histamine (0.36 mM ± 1081 mM) demonstrated an excitatory (contractile) effect in all the four experimental groups. The two treated groups responded with increased contractility and sensitivity, perceived as accentuated responses to the same concentrations. A similar trend seen with prior exposure of CC strips to lysolecithin was however, not statistically signi®cant at the incubation concentration of the chemical substance (Figures 1 and  2) .
ACh elicited good endothelium-mediated relaxation of a concentration-dependent nature in the CC strips of the normal control animals. This relaxant response was attenuated in the two treated groups thereby identifying an impairment of endotheliumdependent nitric oxide (EDNO) mediated effects in hypercholesterolaemia. However, the inhibitory effect of lysolecithin on the ACh mediated relaxation of control CC strips was not signi®cant statistically ( Figure 3) The normal relaxant response to NTG seen in control strips was inhibited to a certain degree at the higher doses in the two treated groups. At lower dose levels in group A, this relaxant effect was potentiated. The results were statistically signi®cant at some points and indicate alterations in endothelium-independent relaxant responses in our rabbit model (Figure 4) .
The nitrergic relaxation that was attenuated in the one-egg test group (LDL ± C: 10.16 AE 1.40 mmolal) was signi®cantly potentiated at the higher frequencies, in the two eggs group with the mean serum LDL-C level of 33.23 AE 1.68 mmolal. Lysolecithin pre-treatment consistently reproduced the same proerectile response in all the CC strips from the control animals ( Figure 5 ). Furthermore, the (LDL-C) enhances pro-erectile neurotransmission in (CC) B Srilatha et al response to lysolecithin showed this nitrergic potentiation to be concentration dependent, a higher concentration of lysolecithin (4 mgaml) being more effective than lower incubation levels of 0.04 mgaml and 0.4 mgaml (not shown).
Discussion
The results of our study elucidate the direct deleterious effect of egg yolk on the serum lipid fractions in a suitable animal model. The close structural and functional similarity of rabbit CC to the human counterpart 13 enables this dietary model to be utilised for studies that aim to evaluate the pathological events related to atherosclerosis and erectile dysfunction in man. The fat cell lesions, demonstrable upon Masson's trichrome staining and light microscopy are initial features of atherosclerosis and have been identi®ed in hypercholesterolaemic rabbits.
14 Impaired endothelium-mediated vascular relaxation in early atherosclerosis is attributed to the by-products of LDL-lipid peroxidation 15 and lysolecithin, the major, active component of modi®ed LDL that accumulates in atherosclerosed arteries is shown to produce similar pharmacological changes in rabbit aortic strips in vitro.
7 Taken together, the results from one egg and two egg treated groups of our study conform to these observations. The synthesis of EDNO requires oxidation of guanidino nitrogen on L-arginine through calcium-calmodulin sensitive nitric oxide synthase. 16 In hypercholesterolaemia, there occur a de®ciency of the substrate (Larginine), 15 diffusional barrier to released nitric oxide 17 and dysfunctional G protein dependent signal transduction. 18 Furthermore, the endothelial cells avidly take up LDL and modify it to the oxidised form. 19 Inherent with this modi®cation is degradation of lecithin to lysolecithin which is the Figure 3 (a) Relaxant responses to acetylcholine from two yolktreated groups vs control group (n 6) (b) Responses from the control group (n 7) before and after lysolecithin preincubation. * P`0.05. Figure 4 Relaxant responses to nitroglycerin from two yolktreated groups vs control group (n 6). (b) Responses from the control group (n 7) before and after lysolecithin preincubation. *P`0.05 and **P`0.005.
(LDL-C) enhances pro-erectile neurotransmission in (CC) B Srilatha et al active fraction implicated in the functional endothelial impairment. 3, 20 With additional evidence from studies on control rabbit CC strips exposed to lysolecithin, the results demonstrate a functional loss of endothelial integrity in hypercholesterolaemic rabbits.
The endothelial dysfunction in hypercholesterolaemia is associated with supersensitivity to catecholamines 4, 21 and increased contraction or spasm at the sites of intimal damage. 22 There is considerable evidence to show that hypercholesterolaemia interferes with neuronal storage of NA and enhances its release. 23 Furthermore, the content of NA in several vascular segments is increased due to high circulating lipid-induced changes in membrane microviscosity and impaired activity of monoamine oxidase enzyme system. 24 These cellular alterations of hypercholesterolaemia may superimpose and further aggravate the pharmacological response to NA.
There are variations in relaxant response to NTG upon lysolecithin incubation and in the two treated groups of animals as compared to the normal controls. There is a modi®cation of the red-ox state of the vascular smooth muscle in hypercholesterolaemia and early atherosclerosis, with the cellular dysfunction at the level of G proteins beyond the endothelial receptors. 18 The ®nal common pathway mediating relaxation to endothelium-independent agents such as nitroglycerin is the same as that resultant from endothelium-derived factors. This includes stimulation of guanylate cyclase within the myocytes leading to dephosphorylation of light chain of myosin. 22, 25 There is increasing evidence to suggest that hypercholesterolaemia affects the vasodilator and relaxant mechanisms at different levels. 18 Nitric oxide synthase isomers are widely distributed in a variety of cell types such as vascular smooth muscle, platelets and macrophages. 16 Increased production of NO from L-arginine by these enzymes in hypercholesterolaemia may affect the responsiveness of guanylate cyclase in the smooth muscle cells. 18 The possible alteration in guanylate cyclasemediated second messenger pathway may explain the variable relaxant response to nitroglycerin in hypercholesterolaemic rabbits in this investigation
Conclusions
Lipid estimations showed over 15 and 30 fold elevations in LDL-C levels, respectively in one-egg and two-egg yolk treated groups. Concomitant with these differences in serum levels was the statistically signi®cant potentiation of nitrergic relaxation in the two eggs group in comparison with one egg test group. This proerectile response was also reproduced concentration-dependently on incubation of normal CC strips with lysolecithin. The role of neural NO in penile tumescence is well known 11, 26 and its dominance in erectile physiology established through studies after selective endothelial damage. 10, 27 The data from this investigation provides an additional supportive evidence for the putative role of neural nitrergic pathways.
It has been observed in rabbit aorta that hypercholesterolaemia produces an increase in release of nitrosylated compounds 28 and oxidised LDL elevates intracellular free calcium stores, an important second messenger to which the activity of neural NOS is directly linked. 29 This increase in intracellular calcium is a physiological stimulus for the synthesis and release of neural NO. 16, 30 These proerectile changes coupled with the propensity of nitrergic innervation in the cavernous tissue 10 may contribute to the potentiated relaxant response to electrical stimulation, evidenced in this present investigation. Furthermore, it is evident from this Responses from the control group (n 7) before and after lysolecithin preincubation, *P`0.05.
(LDL-C) enhances pro-erectile neurotransmission in (CC) B Srilatha et al study that at some critical level, the lysolecithin is capable of enhancing the nitric oxide release from NANC neuroeffectors, suf®cient to promote and maintain penile tumescence. Therefore, the marked proerectile nitrergic relaxation amidst evidences for endothelial impairment in the two eggs group and that secondary to lysolecithin is an interesting observation. Based on this, we hypothesise that beyond a certain threshold point, that is, somewhere between the two serum LDL-C levels of 10.16 AE 1.40 and 33.23 AE 1.68 mmolal in our study, a compensatory release of neural nitric oxide is triggered by the elevated lipoprotein fraction with the resultant proerectile response. This nitergic potentiation may negate the antierectile effect of endothelial impairment and thereby have pertinent clinical implications.
Since hypercholesterolaemia has long been cited as an important predisposing factor for impotence, further insight gained through elucidation of this proerectile neural mechanism may bring about favourable trends in risk factor levels and also contribute to a primary prevention of erectile dysfunction, in the clinical setting of severe hypercholesterolaemia.
